Sperm motility notably depends on the structural integrity of the flagellum and the regulation of microtubule dynamics. Although researchers have started to use "omics" techniques to characterize the human sperm's molecular landscape, the constituents responsible for the assembly, organization, and dynamics of the flagellum microtubule have yet to be fully defined. In this study, we defined a core set of 116 gene products associated with the human sperm microtubulome (including products potentially involved in abnormal ciliary phenotypes and male infertility disorders). To this end, we designed and applied an integrated genomics workflow and combined relevant proteomics, transcriptomics, and interactomics datasets to reconstruct a dynamic interactome map. By further integrating phenotypic information, we defined a disease-interaction network; this enabled us to highlight a number of novel factors potentially associated with altered sperm motility and male fertility. Lastly, we experimentally validated the expression pattern of two candidate genes (CUL3 and DCDC2C) that had never previously been associated with male germline differentiation. Our analysis suggested that CUL3 and DCDC2C's products have important roles in the sperm flagellum. Taken as a whole, our results demonstrate that an integrated genomics strategy can highlight relevant molecular factors in specific sperm components. This approach could be easily extended by including other "omics" data (from asthenozoospermic men, for example) and identifying other critical proteins from the human sperm microtubulome. Jumeau et al., 2017, Vol. 96, No. 1 
Introduction
Successful fertilization requires motile spermatozoa capable of progressing through the female genital tract and fusing with the oocyte; in turn, sperm motility depends on specialized subcellular structures and optimal maturation (for a review, see [1, 2] ). Progressive sperm motility is one of the most important parameters in human sperm quality (for a review, see [1] [2] [3] ), and its assessment has been defined in detail by the World Health Organization (WHO) guidelines on sperm examination [4] . Greater progressive motility is indeed associated with higher fertilization rates [5] [6] [7] .
Sperm motility notably depends on the structural integrity of the flagellum and the regulation of microtubule movement. In structural term, it is divided into three parts. Inside the first part (the mid-piece), the mitochondria are arranged in a helix around the axoneme, and produce the energy required for sperm motility ( [8] and for a review, see [9] ). In the second part (the principal piece), the cytoskeleton is surrounded by a dense, fibrous sheath ( [10] and for a review, see [11] ). This sheath contains proteins involved in several signaling pathways [11] . The cytoskeleton becomes more disorganized in the third part of the flagellum (the end-piece). The axoneme is composed of 9+2 microtubule doublets (for a review, see [12] [13] [14] [15] [16] [17] ). It interacts with several microtubule-associated proteins (such as tau proteins) that modulate microtubule dynamics [18, 19] . The sperm axoneme is very similar to the motile cilia found in the eye, the respiratory system and the inner ear. Recent progress in proteomics has provided new insights into spermatogenesis and the physiology of male gamete maturation. Exploitation of these rich proteomics datasets is now a major challenge, and integrated genomics approaches have already proven their ability to characterize complex, dynamic, biological processes in spermatozoa at various levels [20] [21] [22] [23] [24] . Nevertheless, the molecular components of the human sperm microtubulome (i.e., all the microtubule-associated constituents in the spermatozoon) have yet to be fully characterized.
In this study, we defined the human sperm microtubulome by characterizing the protein-protein interaction network that mediates sperm microtubule assembly, organization, and dynamics. To this end, we developed an integrated genomics strategy by combining six proteomics datasets from normal spermatozoa, a transcriptomics dataset from male germ cells and a protein-protein interactomics dataset. This approach yielded a physical interactome map of the 116 gene products in the core sperm microtubulome. Lastly, we experimentally validated the expression pattern of two gene products that had not previously been associated with germ cells: a well-connected protein encoded by the CUL3 gene, and the doublecortin domaincontaining protein 2C encoded by the DCDC2C gene. By further integrating phenotypic information, we identified key constituents of this disease interactome network associated with abnormal ciliary/flagellum phenotypes and male infertility disorders. Our results may have revealed novel molecular players in sperm motility and thus male fertility.
Material and methods

The human sperm proteome
In order to update the comprehensive human sperm proteome initiated by Amaral et al. [22] , we integrated six published proteomic datasets of the normal spermatozoa [8, 10, [25] [26] [27] [28] (Supplemental Table S1). All accession numbers for proteins identified in these studies were linked to their corresponding human gene identifiers (NCBI Entrez gene IDs; [29] ) using the Annotation, Mapping, Expression, and Network (AMEN, v. 1.5.4) suite of tools [30] (Figure 1 , panel A, Supplemental Table S1 ).
The human germ cell transcriptome
A published transcriptomic dataset for human spermatogenesis (based on Affymetrix GeneChip microarray analysis) has been used to identify genes that are preferentially expressed in meiotic and postmeiotic male germ cells, according to the modified Johnsen score (mJS) [31, 32] . Briefly, this study provided broad insight into the postnatal human testicular transcriptome via the identification of 4,833 transcripts whose RNA concentrations differed in somatic cell vs. germ cell populations in the human testis [32] . These transcripts were further grouped into 13 expression patterns (P1-P13). In the current study, we assembled a comprehensive set of human germ cell transcripts by merging the four expression patterns unambiguously associated with a peak signal intensity for meiotic and postmeiotic germ cells (P10-P13) ( Figure  2 , panel A; Supplemental Table S2 ). The resulting probe sets were subsequently converted into their corresponding NCBI Entrez gene identifiers using AMEN. The sperm proteome and the germline transcriptome were cross-matched, in order to identify genes coding for human sperm proteins with a germline-related expression pattern.
The human sperm microtubulome
The set of human genes (NCBI Entrez gene identifiers) associated with the microtubule cytoskeleton (referred to here as the human microtubulome) was selected on the basis of associations with the gene ontology (GO) "microtubule cytoskeleton" term (GO:0015630) in the "gene2go" file provided by the NCBI website [29] (Figure 3 , panel A; Supplemental Table S2 ).
Integrative genomics analysis
Genes encoding sperm proteins in meiotic and postmeiotic germ cell populations were identified by cross-matching the human sperm proteome with the human germ cell transcriptome (Figure 2 , panel A). We subsequently selected genes that encode proteins associated with the microtubule cytoskeleton by cross-matching the results against the human microtubulome ( Figure 3, panel A) . This set of genes will henceforth be referred to as the human sperm microtubulome. 
Analysis of interactomics data
Interactions between members of the human sperm microtubulome were probed by downloading all mammalian protein-protein physical interaction data from the BioGRID, HPRD, IntAct, MINT, and NCBI databases [33] [34] [35] [36] . Briefly, all mammalian protein entries were converted into human gene identifiers via the Orthologous Matrix (OMA) [37] and HomoloGene [29] databases. A representation of the network was created with AMEN software ( Figure 3 , panel B; Supplemental Table S3 ). Community structures within the resulting networks were detected by using the algorithms implemented in AMEN [30] .
Functional analysis
Enrichment of GO terms was estimated by calculating Fisher's exact probability in a Gaussian hypergeometric test. A given annotation term was considered to be enriched in a group of genes when the P-value (adjusted with the false discovery rate method) was ≤0.01 and the number of genes in the group associated with the annotation term was ≥5 ( Figure 2 , panel C; Figure 3 , panel B).
Sample preparation
Human semen samples (healthcare residues, n = 5) were collected from men consulting at Lille University Medical Center's Department of Reproductive Biology (Lille, France). The semen samples were obtained by masturbation following 3 to 5 days of sexual abstinence and were allowed to liquefy for 30 min at 37
• C. Standard semen parameters (volume, pH, sperm count, and motility) were evaluated according to the WHO manual for the examination and processing of human semen [4] . Only sperm samples above the WHO's lower reference limits were included in the present study. Sperm cells were separated from seminal plasma and round cells by density gradient centrifugation in 50% Ferticult (Fertipro, Beernem, Belgium) and 50% PureSperm (Nidacon, Mölndal, Sweden) in a sterile 15 ml tube (Falcon, VWR, Radnor, PA, USA). After centrifugation (350 × g, 20 min at room temperature), the sperm pellet was washed once by resuspension in 1 mL of Tris-buffered saline (TBS: 0.1 mM Tris-HCl pH 7.6, 100 mM NaCl) and centrifuged (350 × g, 20 min at room temperature). Testicular sections came from healthcare residues of testicular biopsies (n = 2) taken from men suffering from obstructive azoospermia (i.e., with normal spermatogenesis). Human brain tissue was obtained from the Lille NeuroBank (Lille, France). The men gave their informed and signed consent for the use of their semen or tissue for research purposes. 
RT-PCR assays
Total RNA was isolated from cells using a total RNA extraction kit, according to manufacturer's instructions (Nucleopsin RNAII, Macherey-Nagel, Hoerdt, France). The RNA concentration was determined by measuring the absorbance at 260 nm using a Nanodrop ND1000 system (Labtech, Saint Quentin en Yvelines, France). RT-PCR (Reverse Transcriptase -Polymerase Chain Reaction) was performed with 1.5 μg of total RNA, random hexamers (5 μM/l) and M-MLV reverse transcriptase (Invitrogen, Life Technologies, Carlsbad, CA, USA) according to standard protocols. PCR was carried out in a final reaction volume of 10 μl, with 10 pM of each primer (DCDC2C primers, sense: 5 -AAACCAGTGGTGCATTGTGA-3 , antisense: 5 -CGCCTCCTAGAGGGAAGACT-3 ; CUL3 primers, sense: 5 -TCCAGGGCTTATTGGATCTG-3 , antisense: 5 -GCCCTTTGACTCCCTTTTTC-3 ; 18S primers, sense: 5 -AAACGGCTACCACATCCAAG-3 , antisense: 5 -CGCTCCCAAGATCCAACTAC-3 ), 5 μL of GoTaq GreenMasterMix (Promega, Charbonnières, France), and 1 μl of cDNA under the following conditions: 3 min at 94
• C, 17 to 30 cycles of a 30 sec denaturation step at 94 [32] ) and that encode proteins found in the human sperm proteome.
(B) A false-color heat map shows the expression of genes belonging to four expression patterns (P10-P13) and coding for human sperm proteins. Each line corresponds to a probe set. The first datasets (grouped into three main columns) were obtained from biopsies collected from adult patients (scored according to mJS, from mJS1, 2, 3, 5, 7, and 8-10). The datasets were compared with enriched populations of spermatocytes (Spc) and round spermatids (rSpt) from fertile patients and 45 nontesticular healthy tissues. The right-hand column indicates the number of published sperm proteome datasets in which each gene product was detected, using a grey-scale ranging from light grey (found in one dataset) to black (found in seven datasets; bottom right). Log2 intensity signal values are displayed according to a color code (bottom right) ranging from blue (low expression) to red (high expression). (C) The GO terms "biological process" and "cellular component" were significantly enriched in all four expression pattern clusters (P10-P13). The observed and expected numbers of genes associated with a specific GO term and enriched within each cluster are shown in boxes (in bold type). The color code indicates overrepresentation (red) and under-representation (blue), as indicated in the scale bar (bottom right). Community structure algorithms (implemented in AMEN software) enabled us to detect three densely connected nodes (blue, grey, and red areas) in the network strongly associated with specific GO terms. The figure shows the observed and expected numbers of genes associated with a specific GO term and enriched in each community. Genes associated with the HPO terms "Abnormal sperm motility" (HP:0012206) or "Abnormal ciliary motility" (HP:0012262) were color-coded in red and orange, respectively. An asterisk ( * ) after a gene symbol indicates an association with the HPO term "Male infertility" (HP:0003251). Note that genes associated with the selected HPO terms (CCDC39, KLHL7, KLHL10, PTPN11, BRAF, and SLC26A8) but not directly associated with microtubule cytoskeleton are depicted as small nodes. Using the Mammalian Phenotype Ontology controlled vocabulary, we extracted all human genes having mouse orthologs (#) associated with abnormal sperm motility (MP:0002674), abnormal motile cilium morphology and physiology (MP:0013206 and MP:0013209), and male infertility (MP:0001925). The genes SPG16, SPAG6, DNAI1, SLC26A8, RPGR, TEKT2, DYNLRB2, and FKBP4 improve the disease-interaction network by highlighting other critical nodes in this network.
bromide (Invitrogen, Life Technologies). No DNA amplification was observed in control PCRs in the absence of cDNA. Images were obtained using a Molecular Imager Gel Doc XR System (BioRad, Hercules, CA, USA).
Western blots
The sperm pellet or tissue was resuspended in 500 μl of lysis buffer [containing 20 mM Tris, 2% SDS and 1% Nuclease Mix (GE Healthcare Life Sciences, Piscataway, NJ, USA)]. The lysates were sonicated on ice (40 Hz, 60 pulses) and centrifuged (14,000 × g, 20 min at 4
• C). The supernatants were recovered and the pellets were discarded. Protein concentrations were assayed colorimetrically using Bradford's method (BioRad), according to the manufacturer's instructions. Protein lysates were stored at −80
• C prior to analysis.
After electrophoresis, proteins were transferred to 0.45 μm nitrocellulose membrane (GE Healthcare Life Sciences) using a NuPage Liquid Transfer System (Invitrogen Life Technologies, Carlsbad, CA, USA), according to the manufacturer's instructions. Membranes were blocked with a solution containing 5% skimmed milk in TNT buffer [Tris-HCl 15 mM pH 8.0 -NaCl 140 mM, 0.05% (w/v) Tween -20] . Membranes were incubated with the primary antibodies overnight at 4
• C [anti-DCDC2C: rabbit polyclonal, ab126564, Abcam (Cambridge, UK), diluted 1/2,000 in TNT buffer; anti-CUL3: mouse monoclonal, SAB4200180, Sigma (Lyon, France), diluted 1/1,000 in TNT buffer; anti-GAPDH: rabbit polyclonal, sc-25778, Santa Cruz Biotechnology (Dallas, TX, USA), diluted 1/10,000 in TNT buffer]. Immunocomplexes were revealed after incubation with secondary antibodies coupled to horseradish peroxidase (horse antimouse total IgG diluted 1/50,000 in TNT buffer or goat antirabbit total IgG diluted 1/10,000 in TNT buffer, Vector Laboratories, Burlingham, CA, USA) and detected using the ECL luminescence kit (GE Healthcare Life Sciences). The immunocomplexes' luminescence was measured with a LAS3000 imaging system (Fujifilm, Carlsbad, CA, USA).
Immunohistochemical analysis of semen samples and testicular tissue
After the sperm had been prepared, 100 μL of homogenate were fixed with 2% paraformaldehyde in TBS 1× and incubated for 15 min at room temperature. Spermatozoa were isolated by centrifugation (10 min, 350 x g) and the supernatant was removed. The sperm pellet was resuspended in TBS 1×, washed twice by centrifugation (10 min, 350 x g) and then resuspended in 100 μL of TBS 1×. A thick drop was placed on a Superfrost slide (Menzel-Glazer, Braunschweig, Germany) and stored at 4
Sperm smears were placed in acetone for 5 min and then rinsed twice in TBS 1× (5 min Testicular tissue sections were placed in citrate buffer pH 6 and heated in a microwave oven (4 min at 800 W, followed by 2 × 5 min at 400 W). The slides were washed twice in TBS 1× (5 min). 100 μL of TBS 1 × −0.2% bovine serum albumin were deposited and the slides were incubated 1 hour at room temperature. 
Results
Experimental design and workflow
The main objective of this study was to describe the human sperm microtubulome, i.e., the set of gene products that may have a critical role in microtubule assembly, organization, and dynamics in human sperm. We addressed this issue by establishing an integrated genomics workflow that combined several types of high-throughput data. First, we compiled a human sperm proteome based on six published databases, which we assumed should contain most of the constituents associated with the sperm flagellum. We therefore integrated the proteome data from six published studies [8, 10, [25] [26] [27] [28] , thus assembling the most exhaustive yet proteome dataset for normal human sperm. Next, we used transcriptomic data to identify proteins that were unambiguously and dynamically produced by male germ cells. We then focused on germline genes whose products had been identified in the human sperm proteome and were known to be associated with the microtubule cytoskeleton. Lastly, by using interactomic data from public repositories, we sought to establish whether or not physical interactions between constituents of the human sperm microtubulome had already been reported.
The human sperm proteome
Large-scale proteomics is not an exhaustive method; the quality and size of the datasets produced depend on (i) the protein extraction technique, (ii) the type and sensitivity of the mass spectrometer used, and (iii) the rules used to unambiguously identify proteins. As already suggested by Amaral et al., a single proteomics study does not provide a comprehensive view of the sperm proteome [22] . We therefore used an integrated approach to investigate the human sperm proteome by combining six published proteome datasets from normal human sperm [8, 10, [25] [26] [27] [28] . In 2006, a 2DE-MALDI-TOF-MS study of whole spermatozoa identified a set of 98 proteins (corresponding to 106 UniProt IDs) for the first time [25] . Subsequent progress in "omics" approaches led to the identification of 1,297 gene products [8] and the production of two datasets with 1,050 and 1,429 identified gene products [26, 27] . In 2013, Wang et al. produced the largest yet dataset on the human sperm proteome, in which 4,602 gene symbols were identified [10] . In a recent study (performed as part of the chromosome-centered Human Proteome Project), we applied the latest guidelines and identified 1,547 proteins in the human sperm proteome [28] . These studies differed in terms of the protein identification and classification methods (UniProt IDs, UniGene IDs, Gene Symbols, etc.). In order to enable direct comparisons of these proteomics datasets and to reduce redundancy, we linked the protein identifiers to their corresponding human NCBI Gene IDs. This produced a homogeneous, nonredundant dataset. As expected, the number of identified proteins (and thus genes) has grown over time (from 117 to 4,313 gene products, Figure 1, panel  A) . In all, the combined human sperm proteome comprised 5,678 gene products (Figure 1 , panel A, Supplemental Table S1 ). For each gene product, we calculated a confidence score (i.e., the number of datasets in which the said product was present) (Figure 1, panel B) . Eleven percent (n = 650) of the gene products were found in at least four datasets, 26% (n = 1,444) were identified in two or three datasets and the remaining 63% (n = 3,584) were found in only one dataset.
A quarter of sperm-protein-encoding genes are preferentially expressed in meiotic and postmeiotic germ cells
Given that the sperm proteome can potentially be masked by proteins from somatic cells or seminal fluid or by flagellum-bound proteins associated with epididymal maturation [39] , we next tried to select sperm-protein-encoding genes that are preferentially and dynamically expressed in germ cells during spermatogenesis. Indeed, genes encoding major constituents of the human sperm microtubulome are actively transcribed from meiosis onwards. To this end, we combined the assembled human sperm proteome with the human meiotic and postmeiotic germline transcriptomes [32] . Of the 3,580 genes selected by Chalmel et al., 2,064 were unambiguously associated with a meiotic or a postmeiotic expression pattern (patterns termed P10-P13). This set included 875 genes for which we were able to identify a product in the human sperm proteome (Figure 2 , panels A and B; Supplemental Table S1 ).
The set of germline-related proteins found in human sperm is significantly associated with the flagellum machinery As expected, the 875 candidates showing a meiotic or a postmeiotic expression pattern (P10-P13) (Figure 2, panel B) were significantly enriched in genes encoding proteins associated with spermatogenesis (P < 6 × 10 −5 ), fertilization (P < 10 −3 ) and the cilium (P < 3 × 10 −4 ) (Figure 2 , panel C). As already reported by Chalmel et al., P10 is consistent with expression in meiotic germ cells, since these transcripts were not detected in infertile patients lacking spermatocytes (with an mJS of 1-3). We also found that GO terms related to meiosis were significantly enriched in this cluster: "meiotic nuclear division" (13 genes vs. one expected by chance; P < 2 × 10 −7 ), "synapsis" (5 vs. 0, P < 5 × 10 −4 ), "synaptonemal complex" (6 vs. 0, P < 7 × 10 −6 ), "chromosome segregation" (9 vs. 1, P < 3 × 10 −4 ), "condensed chromosome" (12 vs. 2, P < 2 × 10 −6 ), and "regulation of cell cycle" (21 vs. 7, P < 2 × 10 −4 ). Patterns P11 (signals detected from mJS5 to mJS7 upwards), P12 and P13 (from mJS7 upwards) were composed of genes with elevated expression levels in spermatids. Consistently, several GO terms were significantly associated with the postmeiotic germline differentiation, such as "cell projection assembly" (P < 8 × 10 −3 in P11), "cilium morphogenesis" and "cilium movement" (P < 0.05 in P11 and P12), "sperm motility" (P < 0.01 in P11 and P13), and "motile cilium" (P < 3 × 10 −4 in P11-P13). It is noteworthy that these over-represented functions were mostly linked to flagellum organization, morphogenesis, and the cytoskeleton. Indeed, a large proportion of the genes in P10-P13 code for proteins identified in the human sperm proteome, and are significantly associated with microtubule organization and movement: "microtubule cytoskeleton organization" (14/2 in P10, P < 5 × 10 −6 ), "microtubule organizing center" (P < 2 × 10 −8 in P10
and P11), "microtubule-based process" (P < 2 × 10 −8 in P10 and P11), "microtubule-based movement" (P < 9 × 10 −4 in P10-P12), "dynein complex" (P < 10 −4 in P11 and P12), and "axoneme" (P < 3 × 10 −5 in P11 and P12).
A disease-interaction network analysis revealed that the human sperm microtubulome is associated with several key biological processes
To learn more about the complex organization of the microtubule network, we next sought to define the human sperm microtubulome, i.e., the set of human loci encoding proteins present in the sperm and associated with the microtubule cytoskeleton ( Figure 3 ). To this end, we probed the overall human microtubulome (927 genes encoding proteins associated with the GO term "microtubule cytoskeleton"). The latter was found to contain 116 of the 875 genes encoding spermassociated proteins preferentially expressed by germ cells (Figure 3 , panel A).
In order to evaluate the complexity of the physical interactions between the proteins of the human sperm microtubulome, we integrated published interactomics datasets and generated a physical protein-protein interaction network composed of 50 gene products ( Figure 3 , panel B; Supplemental Table S3 ). We further upgraded this network analysis by integrating human but also rodent phenotypic information and identifying constituents of the human sperm microtubulome known to be associated with (or known to interact with proteins associated with) relevant Human Phenotype Ontology (HPO) and/or Mammalian Phenotype (MP) ontology terms. Those terms include "Abnormal sperm motility" (HP:0012206 and MP:0002674), "Abnormal ciliary motility" (HP:0012262), "Abnormal motile cilium morphology and physiology" (MP:0013206 and MP:0013209), and "Male infertility" (HP:0003251 and MP:0001925) (Supplemental Table S4 ). The genes SPAG16, SPAG6, DNAI1, SLC26A8, RPGR, TEKT2, DYNLRB2, and FKBP4 were selected and improved the disease-interaction network.
We next used AMEN's community structure detection module to detect groups of nodes (proteins) with dense internal connections. Three distinct clusters were significantly associated with critical biological processes. The first group was composed of 10 densely connected proteins (DYNLRB2, FKBP4, CALM1, CALM2, CALM3, TUBA3C, TUBA3D, KTBD8, CLTCL1, and CUL3) significantly associated with the GO terms "signal transduction" (7 proteins, P < 10 −4 ), "cell communication" (7 proteins, P < 10 −4 ), "transport" (8 proteins, P < 10 −6 ), "spindle" (7 proteins, P < 10 −12 ), "vesicle" (7 proteins, P < 10 −5 ), and "extracellular region" (6 proteins,
. It is noteworthy that cullin-3 (CUL3) was highly connected to seven gene products in this cluster-suggesting that it has a key role in the corresponding processes. The second group comprised seven gene products (CETN1, CEP76, CCP110, CENPJ, PLK4, TEKT2, and TNKS) significantly associated with the "cell cycle" (5 proteins, P < 10 −8 ) and "centrosome" (6 proteins, P < 10 −10 ) terms. With the exception of TEKT2, the vast majority of the proteins in this cluster were found in just one or two human sperm proteome datasets. Lastly, the third cluster comprised 13 gene products (TUBB4B, TCP11L1, CDK1, CEP55, TUBG1, TUBGCP3,  HAUS6, RACGAP1, GTSE1, PLK1 , BRACA2, KIF23, and DNHD1) involved in the cell cycle (11 proteins, P < 10 −14 ), nuclear division (7 proteins, P < 10 −10 ), and the response to stimulus (7 proteins, P < 2 × 10 −3 ). TUBG1 is likely to have a critical role, since it interacts with a large number of other sperm microtubulome members.
Human CUL3 is a hub protein located throughout the flagellum's microtubulome network
To validate our integrated genomic approach, we measured expression levels of CUL3 (one of the hub proteins within the human sperm microtubulome network) in human testis and spermatozoa. Based on the information on CUL3 levels in the UniProt and neXtProt databases, we used a human brain extract as a positive control. According to the neXtProt database, there are no negative control tissues for CUL3. Transcription of CUL3 in the testis was detected using RT-PCR (Figure 4, panel A) . In Western blot assays of protein expression, we observed an 89 kDa band corresponding to CUL3 in brain and testis (Figure 4, panel B) . It is noteworthy that two CUL3 bands (at 89 kDa and just under 93 kDa) were detected in sperm lysate. Next, immunofluorescence analysis of spermatozoa revealed CUL3 staining along the length of the flagellum (Figure 4 , panel C), and an analysis of testicular tissue revealed cytoplasmic CUL3 staining in the germ cells (Figure 4 , panel D).
DCDC2C is a "missing protein" associated with the sperm flagellum
The results of integrated analyses depend on the nature of information in the various databases. Hence, an uncharacterized human protein may sometimes be related to the incomplete annotation of socalled "missing proteins", i.e., proteins predicted by genomic or transcriptomic analysis but not yet evidenced with a high degree of confidence using mass spectrometry or antibody-based techniques [28] . For example, neither a corresponding Entrez gene ID for DCDC2C nor published data on DCDC2C's expression pattern were available at the time we performed the current analysis [note that the DCDC2C protein's UniProt score has since been upgraded to PE1 (evidence at protein level) on the basis of our recently published sperm proteome dataset [28] ]. However, it has been suggested that the DCDC2C protein is present in two sperm proteome datasets [10, 28] . We therefore decided to experimentally characterize the gene's transcript-and protein-level expression further. A RT-PCR experiment confirmed that the DCDC2C gene was transcribed in the testis but not in brain tissue ( Figure 5, panel A) . Indeed, the information in the UniProt and neXtProt databases suggested that brain tissue was a negative control for DCDC2C expression. Next, DCDC2C protein expression was detected in sperm protein lysates and (to a lesser extent) in testis ( Figure 5, panel B) . Indeed, the bands at 40 kDa (corresponding to DCDC2C) were absent in Western blots of brain lysate. An immunofluorescence analysis revealed DCDC2C staining in the end-piece of the sperm flagellum ( Figure 5 , panel C), whereas analysis of the testis showed cytoplasmic staining of DCDC2C in germ cells at different stages of development ( Figure 5 , panel D).
Discussion
Sperm motility is directly correlated with the fertilization rate, the spontaneous pregnancy rate [40] and the outcome of in vitro fertilization [6, 41, 42] . Although microtubules are essential for sperm motility, the molecular players involved in the assembly, organization, and dynamics of these structures have yet to be fully characterized. With a view to defining the human sperm microtubulome, we used an integrated workflow to combine several types of "omics" data. This approach has already been published by Amaral et al., who studied sperm signaling pathways by integrating 30 proteomics datasets from normal and abnormal human sperm proteomes and then cross-matching them against biological pathway annotations [22] . This strategy enabled us to identify 116 genes that are dynamically expressed during spermatogenesis and code for human sperm proteins known to be associated with the microtubule cytoskeleton. In a first step towards addressing this issue, we assembled an exhaustive proteome dataset of normal human sperm proteins and calculated a confidence score for each of the 5,678 listed gene products. We found that at least 37% of the proteins present in the human sperm proteome were listed in at least two published datasets. Given that the sperm microtubulome is assembled dynamically during spermiogenesis, we decided to integrate transcriptomic data. This enabled us to identify 875 loci that were dynamically expressed in male germ cells and whose gene products were present in the human sperm proteome. It is important to note that several key components of spermatid differentiation are transcribed early in spermatogenesis; these include the DAZ gene family involved in spermatid differentiation and that are expressed during meiosis [32, 43] , and the DYNC2H1 gene, a member of the human sperm microtubulome expressed in spermatocytes [32] . We thus selected genes that are dynamically expressed during both meiotic and postmeiotic phases of spermatogenesis. Lastly, we sought to define the human sperm microtubulome focused on the 116 genes encoding proteins associated with the microtubule cytoskeleton. A subsequent protein-protein interaction analysis revealed a densely connected network of 50 gene products.
Given that the guidelines on protein identification change continuously, published datasets may contain several incorrect identifications. Our knowledge of the human sperm proteome light thus be improved by reassessing all previous identifications with regard to the latest guidelines. Despite the use of several filters, our assembled data must contain false positives and other artefacts; this is why we systematically combined proteomic and transcriptomic data. In the present study, we also made use of a confidence score for each gene product (based on its occurrence in the distinct proteomic datasets). This approach therefore improved the probability to identify rare events corresponding to proteins in low concentration in the ejaculated sperm. To further demonstrate the validity of our integrated workflow, we experimentally validated the expression of two candidate genes (CUL3 and DCDC2C) in the human spermatozoon and testis. Neither of these genes had been previously linked to male germline differentiation.
One of the three clusters of densely connected proteins generated by the disease interaction network analysis was composed of gene products associated with cell cycle and the centrosome. The latter structure has a fundamental role in the establishment of the first spindle in the zygote [44] . The second cluster comprised proteins related to "signal transduction", "cell communication", "transport", "spindle", "vesicle", and "extra-cellular region" GO terms. One of these proteins (DYNLRB2) belongs to the dynein family of axoneme components. Mutation of the dynein gene results in asthenozoospermia of variable severity [45] . To the best of our knowledge, DYNLRB2 expression has never been described in the human spermatozoon. We hypothesize that this gene product might be involved in the asthenozoospermia phenotype. Among the identified genes, CCDC39 is not directly associated with microtubules; however, CCDC39 expression is related to "abnormal sperm motility" because mutations in this gene induce axoneme disorganization (as in ciliary dyskinesia, for example) [46] [47] [48] . Data from mice, revealed the ortholog FKBP4 as an interesting candidates for male disorder investigation. The knockout mice showed abnormal morphology of the spermatozoa and a reduced fertilization capacity by a sperm-egg interaction dysfunction [49] . Within this cluster, CUL3 was densely connected to several members of the human sperm microtubulome. Expression of the CUL3 gene in human sperm and testis has never previously been reported. We were able to localize CUL3 protein along the length of the flagellum and in the germ cells. When considering CUL3's partners, the calmodulins 1-3 (CALM1, CALM2, and CALM3) are known to be involved in the Ca 2+ signaling pathway and hyperactivation of the sperm flagellum (for a review, see [50] ). CUL3 is also known to be an E3-ubiquitin ligase associated with proteasomal pathways. The proteasome is involved in protein turnover; its alpha subunit has already been linked to sperm capacitation and motility [51] , and its beta subunit has been linked to low sperm motility Figure S1 . In the adult testis (D), the DCDC2C protein was found in the germ cells. As a negative control, human sperm and human testis sections were similarly probed with a preimmune serum.
[52]. We thus hypothesized that CUL3 might also have a critical role in sperm motility. Physical interaction between CUL3 protein and kelch-like family members (KLHL7 and 10) has also been reported in mice ( [53, 54] , respectively). Interestingly, mice with haploinsufficiency of the gene coding for kelch homolog 10 have low numbers of postmeiotic germ cells [55] . Furthermore, the KLHL7 gene is related to an "abnormal ciliary motility" phenotype [56] and is differentially expressed in mature MII oocytes [57] . It is noteworthy that CUL4 (another member of the cullin gene family) knock-out mice display an abnormally elevated spermatocyte death rate [58, 59] . Therefore, knowledge of CUL3's precise location in the different germ cells (potentially gained by studying colocalization with specific markers) would be of great help in understanding its role in each stage of spermatogenesis. Taken as a whole, these results suggest that CUL3 may have a critical role in sperm motility, meiosis, and the maturation of the germ cells. If so, the CUL3 gene may also be associated with infertility disorders. In this study, Western blotting revealed a single 89 kDa CUL3 band in human testis but two bands (89 and 93 kDa) for CUL3 in human sperm-suggesting the existence of two isoforms in the mature gamete. In fact, three isoforms of CUL3 have been described in the UniProt database (corresponding to splice variants of the CUL3 transcript; Uniprot ID: Q13618). The two bands might correspond to the native isoform and a posttranslationally modified isoform resulting from an activation process within the spermatozoon. The cleavage or S-nitrosylation of several proteins is reportedly associated with the initiation of sperm motility [60, 61] . CUL3's activity is regulated by neddylation [62] , and so the 93 kDa band might correspond to a neddylated form of the protein.
Lastly, the third cluster contained several proteins already known to be involved in nuclear division, response to stimulus and the cell cycle (including CDK1 and GTSE1 [63, 64] ). Furthermore, two other proteins have already been linked to germ cells and infertile phenotypes: the microdeletion of TCP11L1 (along with nine other genes) is correlated with cryptorchidism and azoospermia [65] . In addition to embryonic lethality and susceptibility to breast and ovarian cancers, mutations in the BRCA2 gene are also known to be associated with the failure of meiosis in primary spermatocytes [66] . The protein encoded by the gene SLS26A8 is reportedly involved in sperm capacitation and motility [67, 68] , although the putative relationship with an infertile phenotype is subject to debate [69] [70] [71] . Interestingly, the RPGR gene is a known partner of TUBG1, a key gene in the third cluster. The protein encoded by RPGR has a role in ciliogenesis, and its overexpression leads to a defect in flagella assembly in mice [72] ; this prompts us to speculate that RPGR may be associated with flagellar anomalies. The RPGR mutation is involved in the loss of photoreceptor integrity observed in retinitis pigmentosa [73] . Interestingly, a mutation in RP1 (a member of the doublecortin domain-containing protein family) has also been linked to retinitis pigmentosa. The members of the doublecortin domain-containing (DCDC) family are microtubule-associated proteins that stabilize the microtubule network and accelerate microtubule polymerization/depolymerization [74, 75] . In the present study, the "missing protein" DCDC2C was found in two datasets [10, 28] . The DCDC2C proteins contain one or two N-terminal doublecortin domains and are involved in microtubule stabilization network. DCDC2C family members have already been found in fetal brain tissue and in the axons and dendrites of migrating neurons [76] [77] [78] [79] . The bestcharacterized DCDC protein is DCX, which is involved in microtubule dynamics in the brain [77] . Expression of DCDC1 has also been observed in fetal testis and brain tissues, although the protein's role and expression status in adult testis are unknown [80] . To the best of our knowledge, the expression of DCDC2B and DCDC2C has never been studied-although DCDC2A expression has been reported in the brain [81] . In the present study, we unambiguously observed male germ cell expression of DCDC2C in early and late spermatogenesis, and localized the gene product in the flagellum end-piece (where microtubule depolymerization occurs). In contrast to most DCDC family members, DCDC2C does not contain a Cterminal serine-proline rich domain-suggesting that this protein might not be involved in kinase activity or the regulation of intracellular signaling [82, 83] . Furthermore, Jin and collaborators reported that stathmin (encoded by STMN1) and DCX colocalized at the end of axons in a primary rat neuron culture [84] . Stathmin and DCX are respectively involved in microtubule depolymerization [85] and polymerization [83, 86] . Similarly to DCDC2C, stathmin-like 2 (encoded by STMN2) has also been found in two sperm proteome datasets [10, 28] and in adult rat germ cells [87] . We therefore hypothesize that DCDC2C and stathmin have a role in microtubule dynamics in the human sperm flagellum end-piece by acting as a polymerization/depolymerization balancing system. This hypothesis must now be further tested in functional assays.
Rodent phenotypic information revealed the critical role of SPAG6 and SPAG16 in cilia function. The mutations identified in humans and mice knockout models showed a low sperm motility resulting from a disorganization of the axoneme [88] [89] [90] [91] [92] . Interestingly, a gene silencing experiment using siRNA revealed the important role of the gene PAFAH1B1 during spermatogenesis and early embryonic development [93] .
In conclusion, we used an integrated genomics approach to characterize the human sperm microtubulome. An interactome analysis enabled us to highlight potentially interesting constituents of this dynamic disease-interaction network. The expression profiles of the hub protein CUL3 and the missing protein DCDC2C suggest that these components may have a role in microtubule dynamics. The results of our proof-of-concept work suggest that by combining several relevant but heterogeneous "omics" datasets with diseaseassociated information, the human sperm microtubulome (and other components of the spermatozoon) should be updated to include new partners (such as DCDC2C). Subject to further functional investigations, CUL3 and DCDC2C might be associated with infertility phenotypes. Another important research perspective is the integration of "omics" data from asthenozoospermic patients [38, 52, [94] [95] [96] [97] [98] or patients with flagellum ultrastructure disorders (such as flagellar dyskinesia); this might highlight critical changes in the microtubule network's topology and thus reveal other key members of the human sperm microtubulome potentially associated with male infertility disorders.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Experimental validation of the expression of a gene encoding a "missing protein" (DCDC2C) in the human spermatozoon and adult testis. The B-tubulin was revealed in the flagellum (red), the DCDC2C was localized in the end-piece of the flagellum (green) and the sperm nucleus was colored in blue. 
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